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The metabolism of volatile signal molecules by odorant degrading enzymes (ODEs) is crucial to the
ongoing sensitivity and speciﬁcity of chemoreception in various insects, and a few speciﬁc esterases,
cytochrome P450s, glutathione S-transferases (GSTs) and UDP-glycosyltransferases (UGTs) have previ-
ously been implicated in this process. Signiﬁcant progress has been made in characterizing ODEs in
Lepidoptera but very little is known about them in Diptera, including in Drosophila melanogaster, a major
insect model. We have therefore carried out a transcriptomic analysis of the antennae of D. melanogaster
in order to identify candidate ODEs. Virgin male and female and mated female antennal transcriptomes
were determined by RNAseq. As with the Lepidoptera, we found that many esterases, cytochrome P450
enzymes, GSTs and UGTs are expressed in D. melanogaster antennae. As olfactory genes generally show
selective expression in the antennae, a comparison to previously published transcriptomes for other
tissues has been performed, showing preferential expression in the antennae for one esterase, JHEdup,
one cytochrome P450, CYP308a1, and one GST, GSTE4. These largely uncharacterized enzymes are now
prime candidates for ODE functions. JHEdup was expressed heterologously and found to have high
catalytic activity against a chemically diverse group of known ester odorants for this species. This is a
ﬁnding consistent with an ODE although it might suggest a general role in clearing several odorants
rather than a speciﬁc role in clearing a particular odorant. Our ﬁndings do not preclude the possibility of
odorant degrading functions for other antennally expressed esterases, P450s, GSTs and UGTs but, if so,
they suggest that these enzymes also have additional functions in other tissues.
© 2014 CSIRO. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The rapid inactivation of signals by odorant degrading enzymes
(ODEs) plays an integral role in insect chemoreception. This is
because it prevents the accumulation of stimulants and subsequent
sensory adaptation (Vogt and Riddiford, 1981), allowing the insect
to rapidly respond to changes in the volatiles in its environment.
However, relatively fewODEs have been characterized to date. They
include certain esterases, cytochrome P450s, glutathione S-trans-
ferases (GSTs), UDP-glycosyltransferases (UGTs), aldehyde oxidases
and alcohol dehydrogenaseswhich show high speciﬁcity for knownshott).
his is an open access article undeodorants and occur in major chemosensory tissues such as the
sensillar lumen, antennal integument, waxy cuticle and scales
(reviewed in Vogt, 2005). Insect ODEs thus belong to well-studied
detoxiﬁcation enzyme classes, mostly known for their involve-
ment in the metabolism of exogenous (xenobiotics, allelochem-
icals) and endogenous (hormones, vitamins) compounds (Li et al.,
2007).
The ﬁrst ODE to be identiﬁed was an antennae-speciﬁc esterase
(ApolSE) isolated from the sensillar ﬂuid of male silkmoth,
Antheraea polyphemus (Vogt and Riddiford, 1981). Vogt et al. (1985)
demonstrated that ApolSE could effectively degrade the acetate
component of the pheromone blend; in the presence of this
esterase the half-life of the acetate in vivo was conservatively
estimated to be just 15 ms. Furthermore, work on a puriﬁed
preparation of the enzyme subsequently suggested considerablyr the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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(Ishida and Leal, 2005). Other studies using puriﬁed recombinant
antennal esterases from A. polyphemus and Japanese beetle Popilia
japonica (Ishida and Leal, 2005, 2008) have yielded similarly high
Kcat estimates for candidate pheromone esters. A few more
antennal esterases have since been identiﬁed in the moths
Mamestra brassicae, Sesamia nonagrioides, Spodoptera littoralis
(Maïbeche-Coisne et al., 2004; Merlin et al., 2007), Epiphyas post-
vittana (Jordan et al., 2008), Spodoptera exigua (He et al., 2014) and
the bee Apis mellifera (Kamikouchi et al., 2004). Apart from the
S. littoralis esterase SlCXE7 and S. exigua esterase SexiCXE4, kinetic
data are not yet available for these latter enzymes. Kcat values for
SlCXE7 and SexiCXE4 were reported to be 0.3e0.4 s1 with their
respective acetate pheromone components and 36 s1 and 25 s1
respectively with (Z)-3-hexenyl acetate, a green leaf volatile.
The next most studied group of detoxiﬁcation enzymes linked to
odorant degradation is the cytochrome P450s. While these en-
zymes are often associated with xenobiotic degradation
(Feyereisen, 2006; Gilbert, 2004), it has also been suggested that
they could protect insect olfactory receptor neurons (ORNs) against
volatile natural toxins or insecticides (Ding and Kaminsky, 2003).
Cytochrome P450s have also been implicated more directly in
pheromone metabolism. For example, the degradation of an alka-
loid pheromone by an antennae-speciﬁc P450 has been reported in
pale brown chafer Phyllopertha diversa (Wojtasek and Leal, 1999).
Signiﬁcantly also, treatment of P. diversa sensilla with a P450 in-
hibitor induced anosmia in pheromone detecting olfactory receptor
neurons (ORNs) (Maïbeche-Coisne et al., 2004). Furthermore, two
P450 genes (CYP4L4 and CYP4S4) in the moth M. brassicae have
been shown to be strongly expressed in olfactory sensilla trichodea
speciﬁcally tuned for detection of odorants and pheromones
(Maïbeche-Coisne et al., 2002).
Glutathione S-transferases are also key detoxiﬁcation enzymes
in various insect species. These enzymes catalyse the conjugation of
glutathione to electrophilic molecules, increasing their solubility
and facilitating their elimination (Enayati et al., 2005). Like the
esterases and P450s, these enzymes have often been involved in
insecticide (Li et al., 2007) and plant allelochemical metabolism
(Despres et al., 2007) but one study reports that GSTs can also take
part in signal termination. In the tobacco hornworm, Manduca
sexta, a GST restricted to pheromone sensilla called GST-msolf1
plays a signiﬁcant role in sex pheromone detection by inactivat-
ing the aldehyde component of the sex pheromone blend (Rogers
et al., 1999).
UGTs are another group of enzymes linked to odorant and
xenobiotic degradation (Ahn et al., 2012). In insects UGTs are
known to assist in enzymatic detoxiﬁcation by catalyzing the
glycosylation of lipophilic compounds (Despres et al., 2007). The
role of UGTs in vertebrate olfaction is well established (Heydel et al.,
2010; Lazard et al., 1991) but in insects the evidence is limited to the
report of some UGT expression in antennae of Drosophila mela-
nogaster (Wang et al., 1999), Bombyx mori (Huang et al., 2008) and
M. sexta (Robertson et al., 1999). UGT activity has been shown to
play a key role in detoxiﬁcation of plant allelochemicals in B. mori
(Luque et al., 2002).
Because of the diversity of detoxiﬁcation enzymes expressed in
each species and the variety of the possible functions that they can
play, identiﬁcation and characterization of individual members of
these enzyme families which are specialized in odorant degrada-
tion within the antennae is still challenging, even in
D. melanogaster. Up to date, only one esterase, (Esterase 6; EST6)
and one P450 (Cyp6a20) have been implicated in odorant detection
and perception in D. melanogaster (Chertemps et al., 2012; Wang
et al., 2008). Thirty ﬁve esterases, 87 P450s, 37 GSTs and 19 UGTs
have been annotated in the genome of this species, but therepertoire of detoxiﬁcation enzymes expressed in its antennae has
not been established until now.
Here we report the antennal transcriptome of D. melanogaster.
Prior availability of high quality genome sequence and tran-
scriptomic data for many other tissues of this species then enables
us to identify antennae-selective esterases, P450s, GSTs and UGTs as
putative candidate ODEs. As seen above, one criterion commonly
used to identify putative ODEs is their preferential expression in
olfactory tissues and almost all the ODEs functionally characterized
to date have proven to be antennal-speciﬁc, or at least antennal-
enriched.
As a further insight into possible functions of candidate ODEs,
we also compared the transcriptomes of the antennae of unmated
males and mated and unmated females. Contrary to Lepidoptera,
D. melanogaster males and females have very similar olfactory
sensitivities. The studies available tend to show that the expression
of odorant-receptors and ionotropic receptors are generally quite
similar under different conditions (sex, development, reproductive
state, and social environment), although expression of odorant
binding proteins is more variable (Zhou et al., 2009). Very little is
known about ODEs in this respect.
Finally, an esterase, JHEdup, identiﬁed as selectively expressed
in the olfactory organs of both sexes, was expressed in the bacu-
lovirus system and shown to have high catalytic efﬁciency against
some bioactive fruit volatiles, validating the strategy used to
identify candidate ODEs.
2. Materials and methods
2.1. Insect rearing and tissue collection
Canton-S cultures were reared on a 24 C 12 h light: 12 h dark
cycle on standard yeast/cornmeal/agar food medium. The adults
were removed after 72 h of egg laying. Virgins were collected on ice
within 4 h of eclosion and aged in single sex groups of 20, on
standard media. Two replicates of approximately 1000 antennae
were dissected by hand from 4 to 5 day old virgins of each sex,
placed promptly in ice-chilled TRIzol (Invitrogen, California), and
snap frozen in liquid nitrogen until further treatment.
Antennae from mated females were obtained in a similar way.
50 cohorts of 25, 4e5 day old virgin females were each combined
with 10 similarly aged virgin males in fresh vials and allowed to
mate. Flies were observed to ensure that only females that had
completed mating were selected for further work. These females
were then removed from the vials and left for 1e3 h, after which
their antennae were dissected as described above.
For qPCR experiments, male and female antennae and probos-
cides, legs, abdomens, and heads without chemosensory append-
ages were collected from adults aged 5 days since eclosion and
stored at 80 C before RNA extraction.
2.2. RNA extraction, sequencing and cDNA synthesis
Tissues were homogenised in 1 ml of TRIzol (Invitrogen, Cali-
fornia) using a motorized homogenization drill and total RNA was
extracted as per the manufacturer's instructions. Quantiﬁcation of
the RNA was carried out using a Nanodrop spectrophotometer and
the quality of the total extracted RNAwas assessed using an Agilent
Bioanalyzer (Agilent Technologies, California). For antennal tissues,
500 bp paired-end sequencing libraries were generated using the
Truseq mRNA preparation kit (Illumina, California) as per the
manufacturer's instructions and sequenced on an Illumina
HiSeq2000.
For qPCR analysis, total RNAs (5 mg) from various tissues were
treated with DNase I (Roche, Switzerland) before single-stranded
Table 1
Statistical summary of D. melanogaster antennal transcriptomes.
Sample Replicate No. of raw
reads
No. of read
pairs
No. of genes with
FPKM >1 FPKM >10
Virgin male 1 31779788 29603450 8932 4785
2 24747081 22767056 9615 4239
Virgin female 1 31665940 29085595 8777 4711
2 22296913 20202286 8717 4626
Mated female 1 21433041 18305488 8876 4615
2 29343121 27132416 8710 4606
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trogen, California) and oligo(dT)18 primer, according to the man-
ufacturer's instructions.
2.3. Data processing and analysis
Reads were ﬁltered and trimmed using the SolexaQA package
(Cox et al., 2010), with a quality cut-off of 20 and a minimum read
length of 25. The average read length calculated was 100 and the
average quality of reads was determined to be Phred 37. These
reads were mapped to the D. melanogaster genome using the
Tophat aligner with default parameters (Trapnell et al., 2009). The
quality control processes resulted in high quality reads, with
95e97% of reads in each sample having both paired reads aligned to
the genome. Expression estimates for annotated genes (NCBI
release 5.3) were generated with Cufﬂinks (Trapnell et al., 2010)
(Table 1) using the upper quartile normalisation (-N), fragment bias
correction (-b) and multi-read correction (-u) options. To identify
candidate antennal-speciﬁc genes, the expression values deter-
mined in the antennal samples were comparedwith those obtained
from other tissue-speciﬁc samples from the modENCODE database
(Graveley, 2011). For comparison across different experiments, the
FPKM values were binned into ﬁve categories (from low to
extremely high expression) with cut off values selected to best
cover the range and distribution of expression values from all
samples. DESeq (Anders and Huber, 2010) was used to test for
differential expression of transcripts between samples. A false
discovery rate of 0.05 was used to detect genes with differential
expression between samples. Functional analysis of all genes
detected as expressed in the antennal samples, as well as those
determined to be differentially expressed, was carried out using the
PANTHER™ (Protein ANalysis THrough Evolutionary Relationships)
Protein Classiﬁcation System (Applied Biosystems, Foster City, CA).
The expression of selected genes in protein families known or
predicted to play a role in odorant degradation was validated by
qRT-PCR.Table 2
Major classes of antennal protein detected in the antenna of D. melanogaster. RNA-seq rea
expressionwas determined in terms of FPKM (Fragments per Kilobase per MillionMapped
complementing the major classes of antennal proteins in the D. melanogaster genome w
transcripts identiﬁed as belonging to the respective antennal protein class is given along
Major classes of antennal protein Genome complement Detected i
Odorant binding proteins (OBP) 52 30 (58)
Odorant receptors (Or) 61 39 (64)
Gustatory receptors (GR) 60 11 (18)
Ionotropic receptors (IR) 66 19 (29)
Chemosensory proteins (Che A/B) 20 4 (20)
Sensory neuron membrane proteins (SNMP) 2 2 (100)
Carboxylcholinesterases 35 25 (71)
Cytochrome P450s (P450) 87 57 (66)
Glutathione-S-transferases (GST) 37 31 (83)
UDP-glycosyltransferases (UGT) 19 9 (47)2.4. Conﬁrmation of candidate gene expression proﬁles by qRT-PCR
A qRT-PCR study was conducted on some key genes to address
their tissue distribution in more detail and check any differences
apparent between male and mated and unmated female antennae.
All reactionswere performed as previously described (Durand et al.,
2011) on the LightCycler® 480 Real-Time PCR System (Roche,
Switzerland). Each reaction was run in triplicate with at least three
independent biological replicates. The Pgk, RPS20 and Rp49 genes
were used as reference genes (Chertemps et al., 2012). Speciﬁc
primers were designed using AMPLIFIX software (http://www.
brothersoft.com/amplifx-159421.html) and are shown in
Supplementary Table 1. Normalized expressionwas calculated using
the standard ddCT method with Q-Gene software (Simon, 2003).
2.5. Assays of JHEdup activity
JHEdup (FlyBase Release 6 version, not the N-terminal truncated
version in Crone et al., 2007) was heterologously expressed using
the BacuVance™ Baculovirus Expression System in SF9 cells, using
the service provided by Genscript (USA). Native D. melanogaster
gene sequence (including its signal peptide) was used. Most of the
protein was found to be expressed in the media, which was further
concentrated (~10-fold) using a 30 K Amicon ﬁlter, to achieve the
desired working concentration for the enzyme. The titre of the
expressed enzymes was determined by testing for diethyl 4-
methylumbelliferyl phosphate (dEUP, Sigma) degradation by the
ﬂuorometric methods of Coppin et al. (2012). The activity of JHEdup
towards the test odorants (all purchased from Sigma Aldrich) was
monitored in triplicate by gas chromatography/mass spectrometry
(GCeMS) assays using methods modiﬁed from those described in
Jackson et al. (2013). Brieﬂy, each reaction mixture (200 ml) con-
sisted of odorant substrate (200 mM), enzyme (0.21169 nM), BSA
(5 mg, for enzyme stability) and ethanol (5% v/v) in 25 mM TriseHCl
buffer (pH 8.0). The reaction was carried out in a silanized vial
(Agilent, USA) at 25 C and quenched at speciﬁc time points with an
equivalent amount of ice chilled hexane containing 250 mM of
heptanone (Sigma Aldrich, Australia) as a standard. The tubes were
then placed in a vortex shaker (MS1 minishaker, IKA, Germany) for
15 min at maximum speed. The upper (hexane) layer was then
carefully transferred with a glass pipette to a deactivated glass
insert (Agilent) for analysis with an Agilent 7890 series GCeMS. The
compounds were separated on a J&W DB-WAX column
(30m  250mM  0.25 mM, Agilent) with helium (2 ml/min) as the
carrier gas. The oven temperaturewas initially set at 50 C for 2min
and then subsequently increased with a gradient of 10C/minute to
275 C and held for 10 min. The injector and detector temperature
was set at 250 C and a 10:1 split ratio was used.ds generated from dissected antennae were mapped to the genome and the level of
reads). Genes with FPKM>1 were considered as detected. The total number of genes
as assembled from Flybase (Marygold et al., 2013). For each sample the number of
with its percentage (in brackets) of the total genome complement in that class.
n males (%) Detected in virgin females (%) Detected in mated females (%)
28 (54) 30 (58)
39 (64) 38 (62)
10 (17) 11 (18)
19 (29) 18 (27)
5 (25) 5 (25)
2 (100) 2 (100)
26 (74) 26 (74)
56 (64) 57 (66)
30 (81) 31 (83)
9 (47) 9 (47)
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time, consumables used and limited dynamic range in working
substrate concentration) we were unable to determine Michae-
liseMenten kinetics directly. As an alternative, we took advantage
of the fact that each substrate in a reaction containing two
competitive substrates can be treated as a competitive inhibitor of
the other. Thus the inhibition constant,Ki, of each “inhibitor” is
equivalent to its Michaelis constant, Km (Cornish-Bowden, 1995;
Eisenthal et al., 2007). Having determined Km and activity at aFig. 1. Expression level of carboxyl/cholinesterases in the antennae of D. melanogaster.
designate the clades. Broad functions associated with the D. melanogaster or related genes ar
or Ser-His-Asp) is indicated by the symbol þ and s signiﬁes the presence of a secretion sig
Expression values are means of the Cufﬂinks-determined FPKM values for the two samplessingle known substrate concentration in the methods above, one
can then use the MichaeliseMenten equation to derive Kcat. To this
end we used the odorant substrates as inhibitors of the chromo-
genic substrate 4-nitrophenyl acetate, the hydrolysis of which can
be monitored in a facile continuous microplate assay. Initially the
full MichaeliseMenten kinetics of 4-nitrophenyl acetate were
determined bymonitoring the formation of 4-nitrophenol in a clear
96-well plate (Greiner Bio-one, Germany) using a SpectraMax 190
spectrophotometer (Molecular Devices, USA) set at 28 C. WellsThe classiﬁcation system of esterases described in Oakeshott et al. (2005) was used to
e described in the shaded box. The presence of a functional catalytic triad (Ser-His-Glu
nal. Esterases not expressed in any of the three treatment samples are shown in grey.
in each treatment.
Fig. 2. Expression analysis of candidate genes by qRTePCR across various tissues.
Compared to other tissues Jhedup shows antennal selectivity. Est6 is most abundantly
F. Younus et al. / Insect Biochemistry and Molecular Biology 53 (2014) 30e4334contained substrate (20e2000 mM), enzyme (2.09 nM), BSA (5 mg,
for enzyme stability) and ethanol (5% v/v) in 25mMTriseHCl buffer
(pH 8.0) in a 200 ml volume and reactions were monitored at
400 nm every 10 s over a 15 min time course. MichaeliseMenten
constants were calculated using the GraphPad Statistical package
(Prism, USA). To then determine the Ki of the odorant substrates, a
similar assay was performed except that the 4-nitrophenyl acetate
concentration was held constant (400 mM) and the odorant sub-
strate was included at different concentrations (0e4000 mM). Ki
was calculated from the formula:
Ki ¼
½l
i
 ½l
1þ ½S
Km
where i¼ 1e a; a¼ vi/v0¼ relative activity; vi¼ the initial velocity
at a given [S] in the presence of inhibitor [I]; and v0 ¼ the initial
velocity at the same [S] in the absence of inhibitor (Segel, 1993).3. Results and discussion
3.1. Overview of the antennal transcriptome and identiﬁcation of
candidate olfactory genes
High quality 500 bp libraries were generated, with the number
of ﬁltered reads ranging between 18 and 30 million across the
three types of antennae and the two replicates of each type ana-
lysed (Table 1). The number of genes with at least one read
mapped varied from 11,305 to 13,640 across the six libraries. Us-
ing the commonly adopted arbitrary inclusion threshold of
FPKM>1 (Graveley et al., 2011), we identiﬁed 8710 to 9615 genes
in the antennae in one or more of the three types of samples
(virgin males and mated and unmated females). This represents
55%e61% of the total of the 15,806 genes recognized in the species
(NCBI build 5.3). As potential ODEs are hypothesized to be
expressed at high level we also considered the application of a
more stringent criterion of FPKM>10, that reduces these numbers
to 4239 to 4785 genes (Table 1).
The only other dipteran antennal transcriptome assembled from
RNA-seq data so far published (Pitts et al., 2011) found over 11,000
genes in Anopheles gambiae antennae, but used a less conservative
inclusion criterion of FPKM>0. However, two other RNA-seq studies
on individual D. melanogaster tissues using FPKM>1 also reported
large numbers of genes expressed; Catalan et al. (2012) found over
10,000 with FPKM>1 in each of their eight adult brain libraries and
Chang et al. (2011) found over 9000 with FPKM>1 in all six of their
replicate libraries for at least one of the genotypes they analysed. In
our case we suggest that the relatively large number of tissue types
contained within the antennae (Wang and Sun, 2012) would
contribute to the relatively high number of genes found to be
expressed.
Given that a high proportion of all the genes identiﬁed in the
D. melanogaster genome were detected in our transcriptomes, it is
not surprising that the antennal protein sets that we have found
contain relatively high proportions of all the broad categories of
molecular function and biological process recognized by Pan-
therTM (Mi et al., 2013) in the genome (Supplementary Fig. 1).expressed in antenna when compared to genes encoding other secreted esterases such
as CG 4757, Jhe and Est7. CYP308a1 also shows antennal-selective expression when
compared to other tissues. A strong male bias in the antennal expression of CYP4d21 is
indicated. All the data were obtained from triplicate experiments, using three refer-
ence genes and are plotted as means ± SDs on a log scale.
Fig. 3. Heat map illustrating the various degrees of expression of the 17 catalytically active esterases across different tissues. The tissues, i.e. antenna, carcass, central nervous
system (CNS), head, salivary gland (SG), digestive system (DS), fat body (FB), ovary, testis and accessory gland (AG), were further classiﬁed into six groups (antennal, epidermal,
neural, digestive, adipose and reproductive). The data (other than antennal tissues) for prepupae, pupae (P), wandering larvae (WL) and larvae (L), for various days (denoted by d),
are obtained from modENCODE tissue expression data, available in Flybase (Marygold et al., 2013). The Jhedup gene highlighted in red appears to be antennae-selective. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) [ and \ refer to virgin and mated females respectively.
Table 3
Comparison of kinetic properties of JHEdup against ﬁve fruit volatiles with known ODEs against their respective substrates.
ODEs Ester Kcat (s1 ± SE) Km (mM ± SE) Speciﬁcity constant (M1 s1)
ApolPDE (A. polyphemus)a E6Z11-16:acetate 127 1.27 1.00  108
Pjap-PDE (P. japonica)b (R)-japonilure 1.36 680 2.00  103
SlCXE7 ( S. littoralis)c (Z)-3-Hexenyl acetate 36 1500 2.40  104
Z9E11-14:acetate 0.4 53 7.60  103
Z9E12-14:acetate 0.4 37 1.08  104
SlCXE10 ( S. littoralis)d (Z)-3-Hexenyl acetate 45 9574 4.70  103
SexiCXE4 (S. exigua)e Hexyl acetate 26.18 5103 ± 1236 5.13  103
(Z)-3-Hexenyl acetate 25.35 8545 ± 2480 2.97  103
Z9E12-14:acetate 0.38 139 ± 50 2.75  103
Z9-14:acetate 0.29 110 ± 39 2.64  103
JHEdup (D.melanogaster) Butyl acetate 1456 ± 152 3902 ± 229 3.73  105
E2-Hexenyl acetate 277 ± 24 3249 ± 98 8.54  104
Hexyl acetate 3226 ± 461 7235 ± 863 4.46  105
Isopentyl acetate 1080 ± 152 2849 ± 229 3.79  105
Pentyl acetate 1490 ± 357 5676 ± 1206 2.62  105
a Ishida and Leal, 2005.
b Ishida and Leal, 2008.
c Durand et al., 2011.
d Durand et al., 2010.
e He et al., 2014.
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braries for each of the six major gene families associated with
antennal chemosensory functions (odorant receptors [ORs],
odorant binding proteins [OBPs], ionotropic receptors [IRs], sensory
neuron membrane proteins [SNMPs], gustatory receptors [GRs],
chemosensory proteins [CheAs and CheBs]) and the four major
families of detoxiﬁcation enzymes (esterases, P450s, GSTs and
UGTs) that could include ODEs (Table 2). Overall, both of the SNMPs,
nearly three quarters of the esterases, P450s, GSTs and UGTs, just
over half the OBPs and ORs and about a quarter of the GRs, IRs and
Che proteins annotated in the ﬂy genome were shown to be
expressed in the antennae at FPKM>1. Interestingly, this includes
seven more GRs than previously reported to be expressed in
D. melanogaster antennae (Gr64f, Gr28b, Gr64b, Gr64d, Gr93a,
Gr43a,Gr64a) (de Bruyne and Warr, 2006) plus three more IRs
(IR94c, IR62a and IR60a) in addition to the 16 IRs previously
described for this tissue (Rytz et al., 2013). We also report expres-
sion of four more Ches (CheA7a, CheA75a CheB93b and CheB42c)
than previously described in antennae (Starostina et al., 2009)
(Supplementary Fig. 2).
The most heavily expressed genes across all ten families of in-
terest here were OBPs (Supplementary Fig. 2); 11 of these averaged
FPKM scores above 10,000, including LUSH, which is known to be
required for sensitivity to the pheromone cis-vaccenyl acetate (cVA)
in D. melanogaster (Laughlin et al., 2008), and Obp19a, which has
been previously linked to odorant binding and degradation in the
signal transduction process (Shanbhag et al., 2001). The expression
of the universal binding partner for ORs, Orco, which forms a het-
eromer with ORs to produce odorant-gated ion channels (Benton
et al., 2006) was also very high in our data (Supplementary
Fig. 2), which is consistent with other evidence that it is heavily
expressed in most ORNs (Couto et al., 2005; Vosshall et al., 2000).
Enzymes implicated in metabolism of alcohols such as alcohol
dehydrogenase and formaldehyde dehydrogenase (David et al.,
1981) are also well expressed in the antennae (average FPKM 475
and 61 respectively).
The numbers of members of most of the major odorant pro-
cessing and detoxiﬁcation families found in our D. melanogaster
transcriptome are broadly similar to the numbers recovered from
lepidopteran antennal transcriptomes, although fewer GRs and no
Ches have yet been described in lepidopteran antennae.3.2. Esterases: overview and in vitro characterization of JHEdup as a
new ODE in D. melanogaster
We found 25 and 26 esterases expressed inD. melanogastermale
and female antennae, respectively, at FPKM>1 and 13 and 16 at
FPKM>10 (Fig.1).Mostmembers of two of the threemajor groups in
the esterase gene family (Oakeshott et al., 2005) are represented in
our transcriptomes. These are the intracellular esterases, which
have often been linked to xenobiotic metabolism, and the non-
catalytic neuro/developmental esterases. The expression of the
intracellular group is consistent with the hypothesis that many
antennally expressed esterases are performing general detoxiﬁca-
tion functions, while the expression of the neuro/developmental
group presumably reﬂects the development of neural tissues in the
antenna. The third major group of esterases, the secreted esterases,
has most commonly been associated with speciﬁc hormonal andFig. 4. Expression level of cytochrome P450s in the antennae of D. melanogaster.
The genes were divided into four groups, based on Tijet et al. (2001). As in Fig. 1, genes
not expressed in any of the three treatments are highlighted in grey. Expression values
are the mean of the Cufﬂinks-determined FPKM values for the two samples in each
treatment.
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Only half of this groupwas expressed at FPKM>1 in our analysis and
only two of them, JHEdup and EST6, at FPKM>10. However these
two showed the highest levels of antennal expression of all the es-
terases (Fig. 1), which agrees with the fact that they were the only
two esterases isolated in a D. melanogaster soluble antennal prote-
ome analysis (Anholt and Williams, 2010). Q-PCR analysis (Fig. 2)
showed that ﬁve of these predicted secreted esterases, JHEdup,
CG4757, EST7, JHE and EST6, were also detected in other tissues.
Collation of our data with previous transcriptomic studies
shows that Jhedup is the only esterase gene to show greater
expression in antennae compared to, e.g. digestive or adipose tis-
sues, or to other epidermal tissues which would be exposed to the
volatiles in the environment (Fig. 3). The selective expression of
Jhedup in antennae was conﬁrmed by qPCR analysis (Fig. 2),
showing it to be 1000 fold more heavily expressed in male and
female antennae than in the other tissues tested, with no sexual
dimorphism. Both the comparisons to the previous transcriptomes
and the qPCR show Est6 to be heavily expressed in a variety of
tissues. Q-PCR analysis was also carried out on four other secreted
esterase genes, which our RNA-seqwork showed to be expressed in
antennal tissue. Consistent with the RNA-seq results, all four were
also found to be expressed in other tissues.
EST6 has been reported to hydrolyse the pheromone cis-
vaccenyl acetate (cVA) in vitro (Mane et al., 1983; but see also
Vandermeer et al., 1986) and a recent study suggests that EST6
indeed plays a role as an ODE (Chertemps et al., 2012), as physio-
logical and behavioural responses of EST6 null ﬂies to cVA differ
from those of wild type ﬂies. Notably, EST6 is also expressed at very
high levels in the male seminal ﬂuid and transferred, together withFig. 5. Heat map comparing expression levels of 57 cytochrome P450s expressed in the
sources of data are as described in Fig. 3. The CYP308a1 gene highlighted in red appears tocVA, during mating to the female reproductive tract (Richmond
et al., 1980), where it is shown to increase the rate of sperm loss
from female storage receptacles and affect her post mating
behaviour (Gilbert, 1981; Scott, 1986). Thus, it is highly likely that
EST6 not only has at least two in vivo functions but also that these
functions are tissue-speciﬁc.
The Jhedup gene is an adjacent duplication of the Jhe (Juvenile
hormone esterase) gene (Campbell et al., 2001). JHE performs a
speciﬁc function in the hydrolysis of the conjugated methyl ester,
Juvenile Hormone (JH) (Hammock et al., 1990). Little is known
about the function of JHEdup, although it has been shown to have
good activity against artiﬁcial substrates such as short chain esters
of 4-methyl umbelliferone (acetate, butyrate) in vitro, with Km
values in the low micromolar range (Crone et al., 2007). In this
respect it shows similar speciﬁcities among various 4-methyl
umbelliferone substrates as JHE (Crone et al., 2007).
We have expressed Jhedup in the baculovirus system and char-
acterized the activity of its product against known volatile esters
(butyl acetate, E2-hexenyl acetate, hexyl acetate, isopentyl acetate,
pentyl acetate) produced by the decomposing fruits that
D. melanogaster lives on, and some of which are also known to elicit
behavioural responses from these ﬂies (Stensmyr et al., 2003).
Table 3 shows that the kinetics of JHEdup against these volatile
ester compounds to be within the range reported for the phero-
mone esterases from A. polyphemus, P. japonica, S. littoralis and
S. exigua for their respective substrates. He et al. (2014) have also
shown activity against hexyl acetate, a known plant volatile, with
similar Km but much lower (~120- fold) Kcat values than what we
have reported for JHEdup. If the abundance of the Jhedup tran-
scripts in the antennae is reﬂected in the abundance of the JHEdupantennae across various tissues. The classiﬁcations and description of the tissues and
be antennae-selective.
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processing these odorants. Signiﬁcantly, all the substrates tested
against JHEdup are short-medium chain acetates, but they contain
a mix of primary and secondary and saturated and unsaturated acyl
groups. While the unsaturation decreased Kcat by about tenfold, the
data suggest that the range of potential substrates could still be
broader than previously considered for ODEs. Further biochemical
and electrophysiological analyses are needed to elucidate the
physiological substrates for JHEdup in D. melanogaster antennae.
Nevertheless the kinetic data herein validate the transcriptomic
strategy we have used to identify particular detoxiﬁcation enzymes
that could play a function in olfaction as ODEs.
3.3. Cytochrome P450s
As in most other insect species, four phylogenetically distinct
clades of P450s can be distinguished in D. melanogaster, namely the
CYP2, CYP3, CYP4 and mitochondrial clades (Tijet et al., 2001). Our
study reveals that only one out of seven CYP2 P450s was expressed
in the antennae at FPKM>1, whereas at least two thirds of each of
the other clades were expressed in this tissue above this threshold,
albeit expression levels were generally higher among the CYP3s
and CYP4s (19 and 13 at > FPKM 10 respectively) than in the
mitochondrial P450s (2 at FPKM >10) (Fig. 4).Fig. 6. Expression level of glutathione S-transferases (GSTs) in the antennae of D. melan
Fig. 2, genes not expressed in any of the three treatments are highlighted in grey. Expressio
each treatment.Several D. melanogaster CYPs in the CYP3 clade that have been
linked to xenobiotic metabolism and insecticide resistance
(Feyereisen, 2012) were found to be expressed in the antennae.
CYP6g1, for example, has previously been associated with DDT
and neonicotinoid resistance in D. melanogaster (Daborn et al.,
2001, 2002) and our data show it to be one of the most highly
expressed P450s in antennae. Cyp6a8, which is overexpressed in
DDT resistant strains (Le Goff et al., 2003), is also found in
antennae at a relatively high level. However, the CYP6a2 enzyme
that metabolizes organochlorine and organophosphorus in-
secticides (Feyereisen, 2012) is not recovered in our tran-
scriptome. Cyp6w1, also over expressed in DDT resistant strains
(Pedra et al., 2004), is strongly expressed in our antennal tran-
scriptome. The substrate for Cyp6w1 is yet unknown but our
expression pattern is consistent with the ﬁndings of Wang et al.
(1999).
CYP4s have been less commonly linked to xenobiotic meta-
bolism but some have been associated with odorant or pheromone
metabolism in other species (Feyereisen, 2012). Two antennally
expressed D. melanogaster cytochrome P450s in this clade (CYP4c3
and CYP4d8) are closely related to CYP4s4 from M. brassicae
(Maïbeche-Coisne et al., 2002), which is expressed in olfactory
sensilla trichodea speciﬁcally tuned for detection of odorants and
pheromones (Fig. 4).ogaster. The genes were divided into seven groups, based on (Low et al., 2007). As in
n values are the mean of the Cufﬂinks-determined FPKM values for the two samples in
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tissues (Fig. 5) and, as in S. littoralis (Pottier et al., 2012), the CYP3s and
CYP4s are commonly found in gut or fat body. Their occurrence in
other tissuesdoesnot preclude these enzymes fromspeciﬁc antennal
functions; recent studies have found that CYP6a20, which is highly
expressed across all the three types of antennae in our study, but has
also been found by others in other tissues, can regulate pheromone
sensitivity and inﬂuence aggressiveness (Wang et al., 2008). Never-
theless, we found one P450, CYP308a1, which shows a high degree of
selectivity for antennal tissue, as conﬁrmed by qPCR analysis of
various tissues (Fig. 2). This enzyme is now a prime candidate for
further investigation to determine its precise role in the antenna.
Interestingly, ﬁve CYPs (CYP6a8, CYP6t3, CYP9f2, CYP4d2 and
CYP4e2) that are expressed well in the antennae (FPKM>10 in all
cases) have been shown previously to be up-regulated in the pres-
ence of ethanol ormethanol in D. melanogaster larvae (Giraudo et al.,
2010;Morozova et al., 2006;Wang et al., 2012). In fact only recently it
has been reported that CYPs are also responsible in adult
D. melanogaster for the elimination of methanol, the most abundant
short chain alcohol present in the oviposition sites for theﬂies (Wang
et al., 2013). It is possible that such CYPs are also induced in the
antennae to metabolise the alcohols produced by the action of es-
terases on incoming ester volatiles.
3.4. Glutathione S-transferases (GSTs)
GSTs are classiﬁed phylogenetically into seven groups (Low
et al., 2007) and a majority of each group is expressed in theFig. 7. Heat map comparing expression levels of 31 GSTs expressed in the antennae acros
are as described in Fig. 3. GSTD8, GSTD11 and GSTE11 highlighted in red appear to be prefantennae at FPKM>1, and generally at FPKM>10 (Fig. 6). Delta
(GSTD) and Epsilon (GSTE) GSTs are insect-speciﬁc and to date are
the only GST groups to have been implicated in insecticide resis-
tance (Low et al., 2007). Interestingly three of them, GSTD8, GSTD11
and GSTE11, are preferentially expressed in the antennae and
another one, GSTE4, appears to be antennal speciﬁc, at least by
comparison to other tissues (Fig. 7). GSTE4 also shows a higher level
of antennal expression than any of the other GSTs. When tested
against a model GST substrate CDNB (1-chloro-2-4-dintrobenzene),
GSTE4, GSTE11 and GSTD11 all showed high catalytic efﬁciency (Kcat
83.7 s1, 60.2 s1 and 360 s1 respectively) whereas GSTD8 had a
lower activity (Kcat 4.49 s1) (Saisawang et al., 2012). More impor-
tantly, all of these four GSTs with preferential or speciﬁc expression
in the antennae show catalytic activity against naturally occurring
substrates such as 4-HNE (4-hydroxynonenal) and phenethyl iso-
thiocyanate (PEITC) (Saisawang et al., 2012). 4-HNE is a secondary
cytotoxic product of lipid peroxidation which is also known to
function as a signalling molecule (Awasthi et al., 2005) while PEITC
is an anti-carcinogen found in edible plants (van Lieshout et al.,
1998).
Among the other GSTs exhibiting high expression levels in the
antennae, GSTD1 plays a critical role in metabolism of the
insecticide DDT (Tang and Tu, 1994) and GSTS1 (Fig. 6) is
generally associated with indirect ﬂight muscle (Clayton et al.,
1998). GSTS1 is reported to have high catalytic activity (Kcat
7.2 s1) in the conjugation of lipid peroxidation end products,
such as 4-HNE, produced during oxidative stress (Singh et al.,
2001).s different tissues. The classiﬁcations and description of the tissues and sources of data
erentially expressed compared to GSTE4 which shows antennal speciﬁc expression.
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Nine UGTs were found to be expressed in the antenna at
FPKM>1, four of them at FPKM>10 (Fig. 8). Two of them, UGT35a
and UGT35b had also previously been shown to be preferentially
expressed in the third antennal segment of D. melanogaster, the
latter suggesting possible involvement in odorant turnover (Wang
et al., 1999). Fig. 9 show that four of the more highly expressed
UGTs have some level of preferential expression in the antenna.
UGT35b is also expressed in mated male reproductive tract.
UGT35a has been suggested to participate primarily in the
detoxiﬁcation (Wang et al., 1999) and is also expressed highly in
the digestive systems (Fig. 9).
3.6. Differences between male and female antennae and effects of
mating
Our analyses identiﬁed 391 genes that are differentially
expressed in the antennae of virgin males and females
(Supplementary Fig. 4). Fourteen of these belong to ﬁve of the
families described above (OBPs, ORs, IRs, CYPs and GSTs)
(Supplementary Fig. 2). Those showing 2.5-fold differences
included one OR, one IR, two OBPs, four P450s and one GST.Fig. 8. Expression level of UDP-glycosyltransferase (UGTs) in the antennae of
D. melanogaster. As in Fig. 2, genes not expressed in any of the three treatments are
highlighted in grey. Expression values are the mean of the Cufﬂinks-determined FPKM
values for the two samples in each treatment.
Fig. 9. Heat map comparing expression levels of 9 UGTs expressed in the antennae
across various tissues. The classiﬁcations and description of the tissues and sources of
data are as described in Fig. 3.OBP99a, CYP4e3, IR75c, OR13a and GSTD5 are expressed
signiﬁcantly more in virgin female antennae while CYP311a1,
CYP313a1, CYP4d21 and OBP8a are expressed more in male
antennae. The expression of OBP99a and OBP8a has also previously
been reported to be sexually dimorphic (Anholt et al., 2003; Arya
et al., 2010), but predominantly located in reproductive tissue
(Chintapalli et al., 2007; Takemori and Yamamoto, 2009). The
expression in the latter sites suggests pleiotropic functions of these
OBPs (Flint et al., 2009). Among the P450s preferentially expressed
in male antennae, CYP4d21 was already known to be expressed
with a strong male bias in heads (Fujii and Amrein, 2002). This bias
is now also found in antennae (Fig. 6). CYP4d21 plays a function in
male courtship and mating (Fujii et al., 2008) but its substrates are
still unknown. Interestingly, the CYP4d21 expression pattern in-
cludes antennal chemosensory sensilla (Fujii et al., 2008), where its
function also remains to be determined. GSTD5, which shows ﬁve-
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regulated in the presence of heavy metals and is thought to play a
role in protection against heavy metal stress andmaintainingmetal
homeostasis (Yepiskoposyan et al., 2006).
The genes showing the greatest differences in expression be-
tween the antennae of the two sexes are the yolk proteins, YP1, YP2
and YP3 (showing 117- 45- and 136- fold greater expression in fe-
males, respectively) (Supplementary Fig. 4). These proteins were
also shown to be essentially female-speciﬁc in Fujii and Amrein
(2002), where they were shown to be expressed in the head. Yolk
proteins have previously been found to be largely conﬁned to fe-
male fat body tissue and ovarian follicle cells (Kraus et al., 1988)
where they are associated with neurogenesis and vitellogenesis
(Bownes, 1986; Burtis et al., 1991). Intriguingly, Le Goff et al. (2006)
have reported that phenobarbital strongly induces all three yolk
proteins in D. melanogaster males, whereas the herbicide, atrazine,
down-regulates the same genes in the female. These authors have
suggested that such sex differences in gene expression may be
related to sex differences in xenobiotic metabolism.
Only 35 genes were identiﬁed as differentially expressed in the
antennae of mated and unmated females (Supplementary Fig. 4B).
This relatively low number may have been because of a larger
difference between the transcriptional proﬁles of the two replicates
for the mated females compared to the other two sources of
antennae. Only one of the 35 cognate proteins, CYP313a1, had
previously been implicated in olfactory signalling processes
(Giraudo et al., 2010; Willingham and Keil, 2004). Three of them
were related to defence response (CG2736 and the diptericins, Dpt
and DptB). CG2736 belongs to the insect CD36 protein family,
members of which have diverse functions, such as carotenoid
transport (ninaD, Santa Maria), removal of apoptotic cells and
bacteria (Crq, Pes) but also chemoreception (SNMP) (Nichols and
Vogt, 2008). Diptericins are antimicrobial peptides active against
Gram-negative bacteria (Leclerc and Reichhart, 2004). Courtship is
known to regulate various antennal innate immunity and olfactory
signalling genes, involved either in signal perception or in the
molecular interactions that occur between the sexes after mating
(Immonen and Ritchie, 2012). In particular, DptB has been shown to
be down-regulated in female heads after mating, as observed here
in mated female antennae.
4. Conclusion
Our study presents the ﬁrst comprehensive transcriptome of
D. melanogaster antennae. We ﬁnd that 55e61% of the total genome
is expressed in our transcriptome at FPKM>1, and 27e30% at
FPKM>10. Similar proportions of the four candidate ODE families
were also expressed in the antennal transcriptome (71% of the es-
terases, 64% of the P450s, 81% of the GSTs and 47% of the UGTs with
FPKM>1, whereas 46%, 41%, 62% and 21%, respectively, with
FPKM>10 as a threshold), so the four detox families as a whole are
only marginally more commonly expressed in the antennae than
the average for the genome.
Consistent with this conclusion, almost all the esterases, P450s,
GSTs and UGTs found in the D. melanogaster antennal tran-
scriptomes have also been reported in transcriptomes from other
tissues. This might support the view that many have general
detoxiﬁcation functions in the antennae rather than acting on
speciﬁc odorant substrates. Nonetheless, this does not preclude
these enzymes from having speciﬁc olfactory functions. For
example, CYP6a20 and Est6, which we have found to be highly
expressed in antennae and were also expressed at high levels in a
range of other tissues (including those without direct exposure to
the environment), have been previously linked to speciﬁc phero-
mone processing and behavioural phenotypes.Strikingly however, our study did identify one esterase
(JHEdup), a cytochrome P450 (CYP308a1) and a GST (GSTE4) as
antennae-selective, so these enzymes become good candidates to
play speciﬁc antennal functions. Our biochemical characterization
of JHEdup in vitro supports this. Interestingly, JHEdup differs from
previously characterized ODEs in that it degrades food odorants.
Further work is now needed to characterize the biochemical
properties and physiological functions of these three enzymes and
determine the precise roles they play in chemoreception.
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